To determine what metabolic abnormalities develop frequently among metabolically healthy adults over time according to different baseline body mass index (BMI) categories. Patients and Methods: A prospective cohort study was performed on 10,805 adults, who were metabolically healthy at the time of the 2008 survey. Participants were divided into four groups: metabolically healthy obese (MHO), metabolically healthy overweight (MHOW), metabolically healthy normal-weight (MHN), and metabolically healthy underweight (MHU). Modified Poisson regression models were used to evaluate the relationship of BMI with the development of metabolic abnormalities. Association rule mining was used to identify the most frequent abnormalities that developed over time.
Introduction
Coronary artery disease is the leading cause of mortality worldwide. 1 The number of patients suffering from coronary artery disease are 18.2 million and 11 million in the US and China, respectively. 2, 3 Metabolic syndrome (MetS), a constellation of highly heritable risk factors, is an increasingly prevalent predisposing factor for coronary artery disease. 4 These clinical risk factors associated with MetS include central obesity, high blood pressure, high fasting glucose, high fasting triglyceride and low high-density lipoprotein cholesterol. 5 The global prevalence of MetS is estimated to be approximately 25%, and over a billion people in the world are now affected by MetS. 6 The prevalence of MetS was 33.9% in China, affecting approximately 454 million adults. 7 Body mass index (BMI) is commonly used to estimate adiposity to evaluate central obesity in MetS patients. A BMI-based MetS score operates similarly to a waist circumstance-based score in predicting long-term disease outcomes. 5 Insulin resistance helps to explain most but not all of the MetS components. Substantial evidence exists regarding the important role of obesity in the development of MetS; therefore, obesity is included as a required prerequisite in the definition of MetS by the International Diabetes Federation. 8 More importantly, this adds support to the hypothesis that central obesity may trigger the pathogenesis of MetS as the core of MetS and is the antecedent to the development of its other components. 8, 9 Indeed, both cross-sectional and longitudinal studies have implicated obesity as a central feature of this multifaceted condition. 9, 10 A few longitudinal studies have examined the temporal relationships between obesity and other components, implicating that baseline obesity is a strong predictor of the worsening of MetS components. [11] [12] [13] Little is known about the relationship between metabolically healthy obese (MHO) status and the future incidence of individual cardiometabolic abnormalities. The Atherosclerosis Risk in Communities study, a 9-year follow-up of white and African-American adults aged 45-64 years, showed that MHO and metabolically healthy overweight (MHOW) may be related to cardiometabolic abnormality development, and that elevated blood glucose develops most rapidly. 14 None of these studies, however, have examined a) how the metabolic status changes over time in metabolically healthy individuals according to different BMI categories or b) which metabolic abnormalities dominantly cluster in MHO and MHOW individuals.
We assumed that the clustering of the metabolic abnormalities would develop inconsistently in different BMI categories. It would be expected that one of these abnormalities would appear first in MHOW people, whereas another abnormality would be the first to develop in MHO people. The theoretical model on which this research is based is that if one of the MetS components (eg, central obesity) was itself the underlying cause, it would be expected that this component should initiate the onset of the other components subsequently.
Therefore, the aims of this study were to investigate a) how the profiles of MetS components change over time, b) the effect of BMI on the incidence of MetS and its components after adjusting for confounding factors, and c) which MetS components predominantly appear in MHO, MHOW and MHU participants at the end of a 7-year follow-up.
Materials and Methods

Study Population
The Beijing Health Management Cohort (BHMC) study is a large prospective dynamic cohort study that is investigating the progression from a healthy status to the development of metabolic disorders in individuals from urban areas of northeast China. 15 In the present study, the 2008 survey and the 2015 survey of the BHMC study were used as the starting point and the endpoint of the follow-up, respectively. Participants without MetS at baseline were included, and those with metabolic abnormalities or missing values were excluded. A total of 34,003 individuals were recruited to participate in this study in 2008. Among these individuals, 23,142 subjects who had any individual metabolic abnormality, including prediabetes (n=5523), prehypertension (n=6306), hypertriglyceridemia (n=3398), or lowered highdensity lipoprotein cholesterol (n=7915) at baseline were excluded. After excluding 56 subjects with missing BMI values, the final analysis included 10,805 participants who were followed up from 2008 to 2015.
The study was approved by the Ethics Committee of Capital Medical University (number 2013SY26), and all procedures were performed in accordance with the 1964 Declaration of Helsinki and its later amendments, or comparable ethical standards.
Data Collection
Physical examination, fasting laboratory measurements, and a health questionnaire interview were performed by trained examiners at baseline and at the end of the 7-year follow-up, after obtaining written informed consent from the participants.
The physical examination, including the measurements of height, weight, waist circumference, hip circumference and blood pressure, was performed by experienced physicians and public health nurses. Both height and body weight were measured with the participant in the upright position to the nearest 0.5 cm and 0.1 kg, respectively. Waist circumference was measured at the horizontal level between the xiphisternum and umbilicus yielding the minimum measurement. Hip circumference was taken as the horizontal measure around the pelvis at the point of maximal protrusion of the buttocks. Waist and hip circumference were measured twice, and the means were calculated. If duplicate waist or hip measurements differed by > 2 cm, a third measure was taken, and the mean of the closest two was calculated. BMI and waist-to-hip ratio were calculated to measure the overall adiposity. After 5 min of rest in a sitting position, blood pressure measurements were obtained on the right arm of the seated subject using an electronic sphygmomanometer. During the 30 min preceding the measurements, the participants were required to refrain from smoking or ingesting caffeine. Three readings of systolic and diastolic blood pressure were recorded at 1-3 min intervals, and the mean of the last two measurements was used for data analysis. Fasting laboratory measurements included fasting plasma glucose, triglycerides, and high-density lipoprotein cholesterol. Participants were instructed to fast overnight for at least 12 hrs before blood samples were collected. Fasting plasma glucose, triglycerides, and high-density lipoprotein cholesterol were measured using enzymatic methods on a chemistry analyser (Beckman LX 20, America) in the central laboratory of the hospital. The intra-and inter-assay coefficients of variation for all laboratory tests were under 5%. All analyses were performed in accordance with the manufacturer's recommendations.
The general health questionnaire covered family history of diabetes and information on lifestyle behaviours (physical activity intensity, sleep duration, alcohol consumption and smoking) and dietary habit factors (breakfast frequency, dietary patterns and eating speed). For the physical activity intensity variable, "high intensity" was defined as swimming, playing ball, or skipping rope; "moderate intensity" was defined as jogging, cycling, or climbing; and "low intensity" was defined as walking, tai chi, or dancing. Sleep duration was recorded according to participants' responses to the question "Over the past three months, what time have you normally gone to bed and woken up?" The speed of eating was self-reported by the response to the question "How fast is your speed of eating?" The responses were chosen from three semi-quantitative categories: "slow", "medium", and "fast". Previous reports have demonstrated good validity and adequate reproducibility of sleep duration and speed of eating, as assessed by self-report, and the measurement and classification of each variable category have been reported elsewhere in detail. 16 Additionally, some novel confounding factors were also collected, including breakfast frequency and dietary patterns. 17, 18 
Diagnosis of Metabolic Syndrome and Metabolic Abnormalities
MetS was defined according to the 2009 Joint Interim Statement Criteria as the presence of three or more of the following factors: 19, 20 1) Obesity, based on BMI ≥30 kg m −2 ; 2) Elevated fasting plasma glucose (FPG) level ≥ 5.6 mmol/L (100 mg/dL) (drug treatment for elevated glucose was an alternative indicator); 3) Elevated blood pressure: systolic pressure ≥ 130 and/ or diastolic pressure ≥ 85 mm Hg (anti-hypertensive drug treatment in a patient with a history of hypertension was an alternative indicator); 4) Triglyceride level ≥ 1.7 mmol/L (150 mg/dL) or current medication for dyslipidaemia; 5) Reduced high-density lipoprotein cholesterol (HDLC) level < 1.0 mmol/L (40 mg/dL) in men and < 1.3 mmol/L (50 mg/dL) in women (drug treatment for reduced HDLC level was an alternative indicator).
As there is no standard definition for MHO, we considered four metabolic abnormalities for our analyses: (1) prediabetes was defined as a fasting serum glucose ≥ 5.55 mmol −1 or current use of blood glucose lowering agents; (2) prehypertension was defined as a blood pressure ≥ 130/85 mmHg or current use of blood pressurelowering agents; (3) hypertriglyceridemia was defined as triglycerides ≥ 1.69 mmol −1 ; and (4) low HDLC was defined as HDLC < 1.03 mmol. 19 
Statistical Analysis
Data are presented as the mean ± standard deviation for continuous variables and count (percentages) for categorical variables. Baseline characteristics of the participants were compared by either independent two-sample t tests or Chisquare tests between MetS statuses (with MetS vs without MetS) at the end of the 7-year follow-up. Mean change values of fasting plasma glucose, triglycerides, systolic blood pressure, diastolic blood pressure and high-density lipoprotein cholesterol from baseline to the 7-year followup among four BMI categories were assessed by analysis of variance (ANOVA) tests. The incidence trends among BMI categories was assessed by the Cochran-Armitage trend z-test. BMI was categorized based on the WHO criteria: (i) underweight = BMI <18.5 kg m −2 , normal weight = BMI of 18.5-24.9 kg m −2 , overweight = BMI of 25.0-29.9 kg m −2 , and obese = BMI ≥30.0 kg m −2 . 21 We categorized the patients as follows: metabolically healthy underweight (MHU), metabolically healthy normal-weight (MHN), metabolically healthy overweight (MHOW) and metabolically healthy obese (MHO).
Modified Poisson regression analyses were performed to examine the association between the development of each metabolic abnormality and BMI categories, and the adjusted relative risk (RR) and 95% confidence interval (CI) were presented. The modified Poisson regression analyses combine a log Poisson regression model with robust error variance estimation, which is reliable for estimating relative risks from prospective data. 22 All potential confounding variables in the regression analyses were assessed at baseline in 2008. We present the results of three different models. The null model was adjusted for age, age squared, age cubed and sex. Then, based on the null model, nine risk factors were additionally adjusted separately, including parental history of diabetes, waist-hip ratio, breakfast frequency, dietary patterns, eating speed, physical activity intensity, sleep duration, alcohol consumption, and smoking. Last, the full model, which was based on the null model, was additionally adjusted for all nine risk factors simultaneously. The extent to which the nine risk factors attenuated the relationship between BMI categories and metabolic abnormalities incidence was investigated by comparing the coefficients before and after adjusting for different risk factors (Δβ percent = 100*(β Null modelβ Null model +risk factor )/β Null model ). 23 Association rule mining (ARM) is a data mining method designed to identify groups of variables with respect to a specific target variable. ARM has been applied in assessing the cooccurrence of lifestyle risk behaviours and in predicting acute myocardial infarction. 24, 25 The strength of this analytical method is that ARM measures the support, confidence, and lift of the rule, as explained below. For a rule (A⇒B), the support rate is the probability that the two components occur together, and the confidence rate is the conditional probability of the existence of component B given that a person has component A. Then, the lift value is the confidence divided by the support, which is interpreted as a general measure of the association between the components of MetS. Lift values greater than 1 indicate a positive correlation, values equal to 1 indicate zero correlation, and values less than 1 indicate a negative correlation.
The ARM method was used to analyse the changes in each MetS component or combinations stratified by sex and BMI level during the 7-year period of this study. The data are expressed as transitions of statuses that changed from baseline to the end of 7-year follow-up, with "healthy" defined as being free of any MetS components. Based on the top ten rules (transitions of statuses), we established a confidence threshold of 5% for men and 1.2% for women as there were fewer rules for women than men. We set the threshold of lift as "over 1". The lift threshold over 1 meant that we accepted the positive association.
Data were analysed using SAS software version 9.4 (SAS Institute, Cary, NC, USA). Association rule mining was performed using the "arulesViz" package of R software. A two-sided α of 0.05 was considered statistically significant. Bonferroni adjustment of critical P-values was adopted when performing multiple comparisons.
Results
Characteristics of Participants
A total of 10,805 eligible participants were included in the analysis with a median age of 42 years. A total of 5392 (49.9%) males were included, with a median age of 41 years old (43.0 ± 14.5), while 5413 (50.1%) females were included, with a median age of 39 years old (40.6 ± 12.5). The average follow-up interval was 6.8 ± 0.4 years. At baseline, 1.6% of the subjects were MHO, 19.1% were MHOW, 55.1% were MHN, and 24.2% were MHU. The detailed baseline characteristics of the study population are presented according to the MetS status at follow-up ( Table 1 ). The MetS group tended to be older and had higher body mass index, fasting plasma glucose, triglyceride, systolic blood pressure, diastolic blood pressure, and waist-hip ratio values but lower high-density lipoprotein cholesterol and sleep duration values.
Profiles of Changes in Individual MetS Components
Profiles of the individual MetS components of all subjects and of males and females stratified by different BMI categories were analysed ( Table 2) . Seven-year changes in fasting plasma glucose were not the same in all four BMI categories (F =20.69, P <0.001), which was also consistently shown in the subgroup analysis stratified by sex (F men = 4.83, P men = 0.002; F women = 15.50, P women <0.001). Similar results were found for seven-year changes in systolic blood pressure and diastolic blood pressure. Seven-year changes in triglyceride in males were not the same in the four BMI categories (F =3.27, P =0.020).
The Incidence of Metabolic Abnormalities
At the end of the 7-year follow-up, 1310, 1695, and 1203 participants developed elevated fasting glucose, blood pressure, and triglycerides, respectively, and 2582 participants had a reduction in high-density lipoprotein cholesterol. The incidence of metabolic abnormalities at follow-up was analysed according to BMI categories at baseline ( Figure 1 ). 
The Association Between BMI Categories and Incident Metabolic Abnormalities
We examined the association between the development of each metabolic abnormality and BMI categories, and the adjusted RR and 95% CIs are presented in The extent to which the nine risk factors attenuated the relationship between BMI categories and metabolic abnormality incidence was investigated by comparing the coefficients before and after adjusting for different risk factors (Δβ) ( Table 3 ). The RR of metabolically healthy obese individuals for the development of elevated fasting glucose was 1.85 (95% CI 1.27-2.70). There was modest attenuation of inequalities when adding risk factors to the models, with the waist-hip ratio (38%) making the greatest contribution to the inequalities. Accounting for differences in all nine risk factors resulted in a 27% attenuation of coefficients in the model, indicating that the majority of elevated fasting glucose development remained unexplained by these nine risk factors in obese individuals. Similarly, the RR of metabolically healthy obese individuals for the development of elevated blood pressure was 2.51 (95% CI 1.96-3.22). There was modest attenuation of inequalities when adding risk factors to the models, with physical activity (17%) and waist-hip ratio (17%), followed by sleep (16%), contributing most to the inequalities. Accounting for differences in all nine risk factors resulted in a total of 20% attenuation of coefficients in the model, indicating that the minority of inequalities in the development of elevated blood pressure can be explained by these nine risk factors.
Common Changes in Metabolic Status
The support rate of the most common status change (defined as the percentage of participants changing from the initial status to another status via all possible transitions), confidence rate (defined as the conditional probability of a specific new-onset component given the presence of a component) and lift value (greater than 1 indicates a positive correlation) were examined (Table 4) .
For visual simplicity, the ten most commonly observed transitions ranked by confidence rate for all subjects and for men and women are shown in Figure 2, Figures 3 and 4 , respectively. For example, 553 men were initially MHU at baseline, and 324 (58.6%) of these men maintained an absence of any components, while 65 (11.8%) developed elevated plasma glucose by the end of the observation period.
Thirty-three out of 173 (19.1%) subjects who were MHO and 342 out of 2065 (16.6%) subjects who were MHOW developed elevated blood pressure as the primary component, whereas 236 out of 2612 (9.0%) MHU subjects developed elevated plasma glucose as the most common component of MetS. As expected, the most common transition was from healthy to healthy in the MHU and MHN groups (1898 (72.7%) and 4313 (72.4%), respectively), whereas 39 out of 173 (22.5%) MHO subjects remained unchanged.
Stratified by sex, 29 (20.6%) males who were MHO and 261 (16.6%) males and 81 (16.5%) females who were MHOW developed elevated blood pressure as the most 
Discussion
The current study linked the patterns of longitudinal changes in MetS components to BMI categories at baseline in metabolically healthy Chinese urban adults after adjusting for other well-known metabolic risk factors. MHO and MHOW were significantly associated with a greater risk of developing MetS and individual metabolic abnormalities. Furthermore, subjects who were MHO and MHOW developed elevated blood pressure most frequently, and MHU subjects developed elevated blood glucose most commonly regardless of sex.
Comparison with Other Studies and Implications
In our study, MHO or MHOW individuals had a higher relative risk of developing individual components of MetS than individuals in the MHN group after adjusting for lifestyles factors, dietary habits and sleep behaviours and thus were more susceptible to developing MetS. This result was consistent with previous studies. 26, 27 In other studies, both the severity and duration of obesity were positively associated with incident MetS, suggesting that MHO is a transient state in the pathway to MetS. This study also demonstrated that BMI categories were associated with profiles of longitudinal changes in fasting plasma glucose, systolic blood pressure, and diastolic blood pressure in both males and females. Our findings were consistent with previous studies. For example, a prospective 4.5-year cohort study of individuals aged 40-65 years also found that BMI is the central feature of MetS in both sexes by analyzing BMI change and the contributions of BMI to MetS components. 10 Inflammation could be an underlying factor that determines the differences in metabolic profiles between subgroups of obesity. 28 An improved understanding and characterization of these subgroups should help in the development of innovative approaches to treat obesity effectively. Although it is unclear whether there is a unifying pathophysiological mechanism resulting in MetS, abdominal adiposity appears to be central to MetS and each of its individual components. 29, 30 These findings help to explain the association between subclinical inflammation and the risk of metabolic complications.
In our study, MHO or MHOW people had elevated blood pressure as a secondary MetS component. Another study confirmed that in both males and females, MHO people had higher blood pressure, and people with MetS tended to have hypertension. [31] [32] [33] This is mainly a consequence of systemic low-grade inflammation. An important link between obesity and MetS seems to be the development of insulin resistance in peripheral tissues, leading to an enhanced hepatic flux of fatty acids from dietary sources, intravascular lipolysis, and adipose tissue resistance to the antilipolytic effects of insulin. 34 Previous reports have indicated that a pro-inflammatory state and oxidative stress are crucial for evaluating cardiometabolic risk. Factors including acylation-stimulating protein, thyroid-stimulating hormone, creatinine, serum lipoprotein(a), platelet-activating factor acetyl hydrolase, and asymmetric dimethyl arginine are key factors in the triggering of systemic low-grade inflammation and enhancing autoimmune reactions, which may induce obesity and MetS. 35 However, the components of MetS are reported to cluster in a way that varies between different populations. 31, 36, 37 We also found that MHU people had impaired fasting glucose. The potential inverse relationship between vitamin D status and MetS may be attributable to the conjunctive effects of obesity and incident insulin resistance. 38 Most subjects who started off as healthy remained healthy in the study, which is similar to the result of a previous study in a German population. 39 In most circumstances, "healthy" was the predominant status in our study, and subjects with a single MetS component tended to return to a "healthy" status. However, MHO was shown to be a transient state in Japanese Americans, with nearly two-thirds developing metabolically unhealthy obesity over 10 years, with a higher conversion to metabolically unhealthy obesity independently associated with visceral and abdominal adiposity, higher fasting insulin level and lower baseline high-density lipoprotein cholesterol levels. 40 In addition to the five components of MetS, the prothrombotic and pro-inflammatory states are essential features based on the evidence of impaired function of adipose tissue. This seems to be an important mechanism determining the individual risk of developing metabolic and cardiovascular comorbidities. [41] [42] [43] Additionally, an important study provided evidence for the development of adipose tissue dysfunction in which adipokine secretion was significantly altered towards a pro-inflammatory, atherogenic and diabetogenic pattern. 41 These changes in adipokine secretion presumably link impaired adipose tissue function to insulin resistance and cardiovascular disease. 42 Several studies have shown that a steep increase in BMI towards overweight and obesity is the major cause of the growing prevalence of diabetes and vice versa. 44 Obesity has been found to be independently and significantly related to diabetes, cardiovascular mortality and coronary artery disease risk. 45, 46 To prevent increasing morbidity and mortality due to obesity-related diabetes, MetS and cardiovascular disease, there is an urgent need to initiate large-scale community intervention programmes focusing on increased efforts in the context of lifestyle and dietary behaviours. Recent studies have focused on sleep behaviours, sedentary behaviours and low physical activity levels. 47 These behaviours are highly complex, operating in synergy with each other, disrupting the link between regulation of the circadian clock and metabolic physiology and impacting various components of daily energy expenditure and feeding behaviours to promote obesity. As such, the behavioural triad (nutrition, movement and sleep) presents plenty of opportunities for intervention and optimization in the context of body weight regulation and MetS prevention. Another study showed differences in weight change between MHN and MHO adults, which supports recommendations for weight loss in MHO individuals to avoid increasing risk factors associated with weight maintenance and weight gain. 48 Figure 4 Top ten transitions of metabolic status from baseline BMI categories to status at follow-up in women. Abbreviations: MHN, metabolically healthy normal-weight; Healthy, with absence of any MetS components; MHO, metabolically healthy obese; MHOW, metabolically healthy overweight; HBP, high blood pressure; MHU, metabolically healthy underweight; HFPG, high fasting plasma glucose; HTG, high triglyceride.
Strengths and Limitations
Our study has several strengths. This study is the first to evaluate the influence of metabolically healthy obesity on the longitudinal path to MetS and its components in Chinese urban adults after adjusting for dietary habits, lifestyles factors and sleep behaviours. The second strength is that the study collected data from a relatively large population. Finally, the prospective cohort study design and relatively long follow-up period help determine the true relationship between BMI categories and MetS among metabolically healthy adults. However, several limitations need to be addressed. First, this study was conducted using a sample of the Beijing population, and therefore our findings have limited generalizability to other populations. Second, because information regarding lifestyle was self-reported, measurement errors are inevitable. Third, several transitions occurred in a limited number of participants, which may be a limitation to assessing the health status transition.
Conclusion
MHO and MHOW statuses were associated with the incidence of metabolic abnormalities. MHO and MHOW participants developed elevated blood pressure most frequently, and MHU subjects developed elevated blood glucose most commonly regardless of sex. More effective risk mitigation strategies are needed for MHO people to prevent them from developing MetS.
Abbreviation BMI, body mass index; MHO, metabolically healthy obese; MHOW, metabolically healthy overweight; MHN, metabolically healthy normal-weight; MHU, metabolically healthy underweight; MetS, metabolic syndrome; FPG, fasting plasma glucose; HDLC, high-density lipoprotein cholesterol; RR, relative risk; CI, confidence interval; ARM, association rule mining; SD, standard deviation; TG, triglyceride; SBP, systolic blood pressure; DBP, diastolic blood pressure; HBP, high blood pressure; HTG, high triglyceride; HFPG, high fasting plasma glucose.
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